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We have measured the deca-triplet s-wave scattering length of the bosonic chromium isotopes 
52 Cr and 50 Cr. From the time constants for cross-dimensional thermalization in atomic samples 
we have determined the mag nitudes |a( 52 Cr)| = (170 ± 39) a and |a( 50 Cr)| = (40 ± 15) a , where 
a = 0.053 nm. By measuring the rethermalization rate of 52 Cr over a wide temperature range and 
comparing the temperature dependence with the effective-range theory and single-channel calcula- 
tions, we have obtained strong evidence that the sign of a( 52 Cr) is positive. Rescaling our 52 Cr 
model potential to 50 Cr strongly suggests that a( 50 Cr) is positive, too. 

PACS numbers: 34.50.-s,34.50.Pi,03.65.Nk,32.80.Pj 



With the development of laser cooling and trapping 
techniques, atomic collisional properties in the ultracold 
regime have become directly accessible. Today these 
properties play a crucial role for the realization of Bose- 
Einstein condensates (BECs) and quantum degenerate 
samples of fermions by evaporative cooling pj . In the ul- 
tracold regime, elastic collisions between neutral atoms 
are dominated by s-wave scattering which can be char- 
acterized by a single parameter, the s-wave scattering 
length. Pure and stable BECs could so far only be real- 
ized if the scattering length is positive and has a value 
in the range from 50 to 300 a . Exceptions are 7 Li Q 
with a negative scattering length which forms only con- 
densates with limited number and hydrogen 3] with a 
very small scattering length where condensate fractions 
of no more than 5 % have been reached. In 85 Rb Q and 
133 Cs .5], Feshbach resonances have been used to tune 
the scattering length into the right range for achieving 
BEC. Therefore, a careful measurement of the scatter- 
ing length is a first requirement before a strategy for the 
condensation of a new atomic species can be devised. 

However, elastic collisions are not only essential for 
evaporative cooling of an atomic gas but they also deter- 
mine the interaction in a quantum degenerate gas. The 
presence of this interaction is also responsible for many 
of the fascinating features of BECs like superfluid be- 
havior or the existence of phonon-like excitations |lj. In 
the case of chromium, the magnitude of the scattering 
length will also determine how significant the effects of 
the anisotropic dipole-dipole interaction will be . 

Up to now, only the s-wave scattering lengths for alkali 
atoms, hydrogen and metastable helium have been mea- 
sured. The most precise methods are probably photo- 
association spectroscopy 0, and Raman spectroscopy 
9] between vibrational levels of the electronic molecular 
ground state. Anotherpossibility is Feshbach resonance 
spectroscopy 0, 0, 0] where the position and mag- 
netic field dependence of several Feshbach resonances is 



determined. 

For chromium, no molecular spectroscopy data are 
available for the deca-triplet state which - neglecting 
the spin-spin interaction - corresponds to the collisional 
channel for elastic collisions in samples prepared in spin- 
stretched (i.e. \mj\ = J) states. Due to the compli- 
cated electronic structure with six unpaired outer-shell 
electrons, accurate ab initio calculations of the molecu- 
lar potentials are also not available. Fortunately near- 
threshold collisions are not sensitive to the details of the 
short-range interaction potential. They are to a large 
extent determined by the s-wave scattering length a and 
by the long-range dispersion interaction, characterized by 
the leading van der Waals coefficient Cq . 

In this paper, we report on a measurement of the s- 
wave scattering length of bosonic chromium atoms, spin 
polarized in the weak-field seeking J — mj — 3 state, 
from cross-dimensional relaxation in a magnetic trap. By 
recording the relaxation of an anisotropic temperature 
distribution in an atomic cloud towards equilibrium, we 
obtain a relaxation time constant which is proportional to 
the effective scattering cross-section through the atomic 
density. This method has been first used by Monroe et 
al. LJ for 133 Cs and has since been employed to deter- 
mine the ultra-cold scattering properties of many other 
alkaline metals. In all of these experiments, only the 
scattering cross section, i.e. the magnitude of the scat- 
tering length could be determined, but not its sign. As 
shown by Ferrari et al. ^ij, a l so the sign of the scat- 
tering length can in some instances be determined by a 
careful measurement of the temperature dependence of 
the scattering cross section. 

We have determined values of |a( 52 Cr)| = (170±39) a 
and |a( 50 Cr)| = (40 ± 15) a . A careful analysis of the 
temperature-dependence of the cross section for 52 Cr in a 
range from 5 to 500 /iK allowed us to compare the experi- 
mental data to the effective-range theory. From this com- 
parison, we have obtained strong evidence that the scat- 
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tering length of 52 Cr is positive. Due to its much lower 
natural abundance, we could only measure the cross sec- 
tion for 50 Cr over a smaller temperature range. Rescaling 
a 52 Cr model potential to 50 Cr strongly suggests a posi- 
tive scattering length also for 50 Cr. 

The experimental setup is described in detail in [l5lllr| 
and is only outlined here. We prepare magnetically 
trapped, spin-polarized clouds of chromium atoms by us- 
ing our CLIP trap loading procedure 0]. After loa ding , 
the atoms are Doppler cooled in the magnetic trap jlfij . 
Further cooling is achieved by forced rf-evaporation in a 
magnetic trap with an offset field of 4 G and trap fre- 
quencies of Lo r — uj x — bj y — 2tt x 124 Hz and lo z = 
2tt x 72.6 Hz, where the temperature can be adjusted by 
varying the end frequency of the rf ramp. Subsequently, 
the magnetic offset field is ramped within 25 ms from 4 
to 1.75 G which increases u) r to 2tt x 207 Hz. Since the 
time scale for the modification of the trap is much faster 
than the mean time between collisions, this creates an 
anisotropic temperature distribution AT(i). To observe 
rethermalization, absorption images in the trap are taken 
after variable wait times between 10 ms and 2 s. The ra- 
dial and axial temperatures can then be inferred from 
the corresponding sizes of the cloud and the known trap 
frequencies. The number of atoms and thus the density 
is calibrated by taking additional absorption images after 
release of the atoms from the trap. 

If no additional heating is present, the anisotropic dis- 
tribution relaxes to the new steady state temperature 
Tf = T/ = T/ = (2T; + I*)/3 via elastic collisions. In 
the real experimental situation, inelastic processes domi- 
nated by dipolar relaxation rates cause heating and atom 
loss, with a significant decrease of the gas density dur- 
ing relaxation. If the typical timescale for atom loss is 
longer than the relaxation time, the density decrease can 
be accounted for by employing a time rescaling method 
|l7j |. In our relaxation measurements, the lifetime of the 
atomic sample exceeded the relaxation time constant by 
at least a factor of 10. 

Fig-H shows a typical relaxation measurement for a 
cloud with a mean temperature of T(t) — (2T r (t) + 
T z (t))/3 « 42 [iK. In the inset, we have plotted the evo- 
lution of the mean temperature where the slight increase 
for long thermalization times can be attributed to dipo- 
lar relaxation collisions. An exponential fit to AT(t*), 
where t* is the rescaled time, yields a relaxation time 
constant r re i. We have experimentally verified, that the 
relaxation time constant is inversely proportional to the 
density of the cloud, thus ruling out anharmonic mixing. 

The experimentally observed rethermalization rate is 
related to the atomic collision rate by r coU = ar re i, 
where a is in general a temperature-dependent propor- 
tionality factor. The elastic collision rate r co ii in a non- 
degenerate ultra-cold gas in thermal equilibrium is given 
by r co n = n(t)< a(v r )v r > th , where a(v r ) is the velocity 
dependent s-wave elastic cross section, < • > t h denotes 
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FIG. 1: Thermal relaxation versus rescaled time t* of a cloud 
of 52 Cr atoms in a magnetic trap. The initial anisotropic 
temperature distribution is created by a sudden change of 
the radial trap frequency from u r = lis X 124 Hz to uj r — 2tt x 
207 Hz. The line is an exponential fit to the data. The inset 
shows the evolution of the mean temperature of the cloud. 



thermal averaging and n = J n 2 (r)dV/ J n{f)dV is the 
mean density. The proportionality factor can take val- 
ues from a = 2.65 for a energy-independent elastic cross 
section [I3,ll8|,ll3 to a = 10.7 for an e nerg y-dependent 
cross section in the unitarity limit 0, Kty . A detailed 
analysis of our experiment shows that the situation is in- 
termediate. Therefore, we use the analytical result [l9| . 
Eqs. (72) and 
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r rc i(T) = -n<a{v r )v r > 



stli 



(1) 



for the relaxation rate to analyze our data, where < • > s th 
denotes the non-standard thermal average required for 
relaxation of thermal anisotropics. 

In order to obtain the scattering length, we use the 
effective-range approximation to the collisional cross- 
section [2fT |. 
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k 2 a 2 + (±fc 2 r e a- l) 2 



(2) 



where k is the relative wave vector, a the scattering 
length and r e the effective range of the potential. The lat- 
ter can be derived from the scattering length and the Cq 
coefficient 0, |2^ . For chromium, we obtain from the 
static polarizability [j^ (7« » (1050 ± 200) a.u., where 
1 a.u. = 9.57 x 10~ 80 Jm 6 . In the temperature range 
we explore, the non-resonant contribution of higher or- 
der partial waves to the elastic cross section can be ne- 
glected, since for chromium the threshold temperature 
for d- waves is on the order of 1.3 mK |24j . 

The magnitude of the scattering length can be more ac- 
curately determined from low temperature measurements 



3 



3.5 r 
3 



x10 



x10 




1 

0.5- 
0- 







I data 

— fit a= 170+39 a 
theory a= 190 a 
--- theory a= 150 a 



10 15 
T>K] 



20 



25 



FIG. 2: Temperature dependence of the effective elastic cross 
section of 52 Cr for T -> 0. The full line is a fit to the data 
yielding a( 52 Cr) = (170±39)a . The dotted (dashed) line 
is a theoretical curve derived from Eqs.0 and [3] for a pos- 
itive scattering length of 190 ao (150 ao). The error bars 
are derived from statistical and calibration uncertainties. 
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FIG. 3: Temperature dependence of the density-normalized 
rethermalization rate for 52 Cr. The black curves are 
obtained from Eq. and [5] gray curves are single- 
channel calculations. Solid (dashed) curves correspond to 
a scattering length of 170 ao (— 220 ao). The data have 
been compiled from five runs under different experimen- 
tal conditions which are represented by different symbols. 
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of the elastic cross section. In Fig.|5J we have plotted the 
effective clastic cross section 29] 

2.65r rcl (T) 

CTcffU J := -r— {<$) 

n<v r > th 

for temperatures below 25 fiK. Here <iv>th = 
\l lGk^T / Ttm is the relative thermal velocity with fee 
the Boltzmann constant and m the chromium mass. 
The solid curve in Fig.0 is a fit of Eq. to the data 
points shown, yielding a scattering length of a( 52 Cr) = 
(170 ± 39) ao corresponding, for the nominal Ce, to an 
effective range of r e — 83 ao- The given error combines 
statistical and systematic uncertainties where the dom- 
inant contribution is from a systematic uncertainty of 
20% in the determination of the density of the atomic 
cloud. 

The sign of the scattering length can be deduced from 
a comparison of the measured temperature dependence 
of the relaxation rate with theoretical models over a suf- 
ficiently large temperature range. We have performed 
relaxation rate measurements for ultra-cold 52 Cr cover- 
ing a temperature range of approximately two orders of 
magnitude. The result is shown in Fig. |31 where we have 
plotted the density-normalized relaxation rate r re i/n ver- 
sus the mean temperature of the atomic sample. We have 
plotted Eq. for two pairs of theoretical model cross 
sections. The black curves correspond to the effective- 
range cross section Eq. and the gray curves are nu- 
merically calculated for a model potential consisting of a 
Morse potential well at short range, smoothly joined to 
a van der Waals tail at long range. The full curves are 
calculations for a( 52 Cr) = 170 ap obtained from the low 



temperature fit in Fig. [21 whereas we have assumed a neg- 
ative scattering length a — ~ 220 ao and the correspond- 
ing effective range r e — 229 ao for the dotted curves. The 
latter combination of values has been chosen to achieve 
the best agreement with the relaxation data at low tem- 
peratures under the condition that a be negative. Fig.|3| 
shows the main results of the paper: (i) The comparison 
between the experimental data and the theoretical curves 
clearly shows that the assumption of a negative scatter- 
ing length is incompatible with the relaxation data, (ii) 
The effective-range cross section agrees very well with the 
single-channel calculations over the measured tempera- 
ture range. The small deviation of the relaxation rates 
from the theoretical curves with 170 ao in the interme- 
diate temperature range deserves further investigation. 

Knowledge of the scattering lengths for two different 
isotopes of the same atomic species can give further in- 
sight into the molecular potentials involved in the colli- 
sion. We have therefore performed additional relaxation 
measurements on 50 Cr, which is also a boson with vanish- 
ing nuclear spin. In Fig.^Jwe have plotted the results for 
the density- normalized relaxation rates for 50 Cr (black 
circles). For comparison, we have included again the data 
for 52 Cr (gray squares) demonstrating that the relaxation 
rates for 50 Cr are much smaller than those for 52 Cr. All 
curves are obtained from the numerical single-channel 
calculation. The black solid curve is a fit to the 50 Cr data 
resulting in a scattering length of a( 50 Cr) = (40 ± 15) ao, 
where we have again assumed a systematic uncertainty 
on the order of 20%. For the dashed curve we have as- 
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FIG. 4: Comparison of relaxation rates for 51 Cr 
(black circles) and 52 Cr (gray squares) normalized to 
the density. The black solid curve is a fit of 
the single-channel numerical calculation described in the 
text to the 50 Cr data yielding a( 50 Cr) = (40 ± 
15) ao. All other curves are the result of single- 
channel calculations with the indicated scattering lengths. 



sumed a negative scattering length, where a = — 200 ao 
gave the best agreement with the data. Mass scaling our 
scattering length from 52 Cr to 50 Cr for a variable number 
of deca-triplet bound states gives very strong evidence for 
a positive sign for a( 50 Cr). 

Our analysis yields effective s-wave scattering lengths, 
since the rather strong magnetic dipole-dipole interac- 
tions in chromium (6 Bohr magnetons) have been ne- 
glected. However, preliminary multi-channel calculations 
show that the influence of the spin-dipolar interaction 
should be within our error bars. 

In conclusion, we have measured the temperature- 
dependence of the scattering cross section for 52 Cr and 
for 50 Cr in ultracold spin-polarized samples. We ob- 
tain for the deca-triplet scattering lengths a( 52 Cr) = 
(170 ± 39) a and a( 50 Cr) = (40 ± 15) a . The positive 
sign of a( 52 Cr) was deduced from a simple effective-range 
theory. This result together with model calculations pro- 
vides strong evidence for a positive sign of a( 50 Cr). In 
particular, the reasonably large value of a( 52 Cr) and its 
sign make 52 Cr a promising candidate for achieving BEC. 

Our findings supplement spectroscopic data on 
chromium dimers |25j, which are only available for the 
singlet potential and should thus help improve the ac- 
curacy of theoretical calculations of molecular potentials 
|26| and of collision properties of chromium. Improved 
model potentials based on our results might resolve the 
origin of the peak in the inelastic collision rate observed 
at 3 mK [22} • Of particular interest would be the determi- 
nation of the position and width of magnetically tunable 
Feshbach resonances. If Feshbach resonances are readily 



accessible, chromium with its large dipole moment would 
be an ideal system for studying the interplay between 
contact and dipolar interaction since both interactions 
could then be experimentally controlled |2fi| . 
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